Assembly of branched actin filament networks at the leading edge of migrating cells requires stimulation of the Arp2/3 complex by WASp proteins, in concert with the WASp activators Cdc42, PIP 2 and profilin. Network disassembly and debranching appears to be linked to actin-bound ATP hydrolysis as filaments age.
Actin polymerisation is temporally and spatially regulated in response to external stimuli and plays an important role in many physiological contexts, particularly those involving cell motility, such as chemotaxis, cell spreading, nerve growth-cone movement and platelet activation [1] . Structures known as lamellipodia extend forward from the leading edge of a motile cell as polymerising actin filaments assemble into a dense meshwork. Individual filaments branch off the sides of others. The meshwork presumably provides a rigid structure against which actin polymerisation can drive membrane protrusion [2] . For cells to maintain protrusive movement, the rapid assembly of these filamentous arrays needs to be coupled to a rapid disassembly mechanism.
Recent studies have provided important new insights into how the assembly and disassembly of actin filament networks are regulated. Results published recently in Current Biology [3] have shown that ATP hydrolysis and the subsequent dissociation of phosphate (P i ) from actin subunits decreases the affinity of the Arp2/3 complex for the pointed end of the actin filament at a branch point, thereby promoting debranching and disassembly of the filament network. The ADF/cofilin protein has been shown to contribute to network disassembly by cooperatively binding to older ADP-actin filaments and promoting P i dissociation, resulting in both increased subunit dissociation from pointed ends and the severing of filaments.
Nucleated de novo polymerisation creates branching networks that drive motility at the leading edge of cells
Cells might trigger actin polymerisation by one or more of three mechanisms: one, by the de novo nucleation of new filaments; two, by the uncapping of existing barbed ends; and three, by severing existing filaments to create new ends for monomer addition. The Arp2/3 complex has emerged as the key player in the stimulation of de novo actin polymerisation [4] . Arp2/3 complex is a multimeric protein complex of seven subunits: two actin-related proteins [5] , Arp2 and Arp3, and five novel proteins, p40, p35, p21, p18 and p14 [6] . The Arp2/3 complex has been localised to the junctions of the Y-shaped actin filament branch seen in the cortical actin network at the leading edge of a motile cell [7] . It has also been localised to the sites of dynamic actin assembly and motility in living cells [8] . The Arp2/3 complex nucleates actin polymerisation in vitro -in the fast growing, barbed-end direction -resulting in the formation of Y-shaped branches on the sides of existing filaments, similar to the branched filamentous arrays observed in cells. Here, the Arp2/3 complex apparently interacts with the pointed end of the filament created by nucleation [9] .
A large body of work, including the landmark in vitro reconstitution of pathogen motility using purified proteins [10] , has shown that the pathogenic bacterium Listeria monocytogenes uses the force generated by actin polymerisation to propel itself around the cytoplasm of infected cells. Stimulation of the nucleating activity of Arp2/3 complex by the Listeria cell-surface protein ActA [11] suggested that endogenous cellular factors may stimulate actin assembly. Indeed, we now know that the Arp2/3 complex is stimulated by a family of proteins related to WASp, the protein defective in Wiskott-Aldrich syndrome [12] . A combination of biochemical, genetic and cell-biological approaches has also identified Rho family GTPases [13] , especially Rac and Cdc42, acting with the lipid signalling molecule phosphatidylinositol 3,4-bisphosphate (PIP 2 ), as co-activators of WASp family proteins [14] .
In mammals, the WASp family includes WASp (restricted to hematopoietic cells), N-WASp (ubiquitous) and at least four isoforms of WAVE [15] (homologues of the Scar protein discovered in Dictyostelium [16] ). WASp proteins contain regulatory and effector domains [17] . Conserved features of WASp's carboxy-terminal effector domaincommonly referred to as the 'verprolin homology, cofilin homology and acidic' or VCA domain -are sufficient for binding and activation of the Arp2/3 complex [18, 19] . The VCA domain also binds monomeric actin and this binding, which has been localised to the V region, is essential for stimulation of Arp2/3's nucleation activity [18] .
In contrast to their common carboxyl termini, the amino termini of WASp proteins are distinct, enabling family members to activate Arp2/3 complex in response to different upstream signals [12] . The amino termini of WASp and N-WASp contain a GTPase-binding domain (GBD) that interacts with the VCA effector domain, resulting in autoinhibition [18, 20] . The amino terminus also binds PIP 2 [21] and contains a WASp homology I (WH1 or EVH1) domain, which is folded like a pleckstrin homology (PH) domain and binds poly-proline-containing ligands [22] . Between the VCA and GBD lies a proline-rich domain (PRD) that binds profilin [23] as well as several other proteins that have Src homology 3 (SH3) domains, such as the adaptor protein Grb2 [24] .
New evidence strongly supports the autoinhibition model for WASp and N-WASp, in which the amino-terminal GBD binds to the VCA domain and thereby inhibits its interaction with the Arp2/3 complex [25] [26] [27] . This inhibition is relieved by the synergistic binding of prenylated-GTP-Cdc42 and PIP 2 ( Figure 1a ,b). While differences in the response of N-WASp and WASp to the binding of PIP 2 and Cdc42 individually are apparent ( [26, 27] , and see [17] for a comment on these papers), both proteins are activated optimally by the combination of prenylated-GTP-Cdc42 and PIP 2 . The binding of these effectors, which are probably localised and clustered at the plasma membrane [28] , likely causes a conformational rearrangement of the WASp protein that allows the interaction of the VCA domain with Arp2/3 complex, followed by activation and rapid nucleation of actin polymerisation.
Zigmond and co-workers [29] have reported important new evidence for profilin's role in the activation of WASp family proteins. Profilin enhanced the extent of Cdc42-induced Arp2/3 complex nucleation, both in neutrophil extracts and in vitro with purified proteins. To be most effective, profilin had to simultaneously bind poly-Lproline and monomeric actin. Profilin binding to the PRD of Cdc42/PIP 2 -activated WASp proteins may result in complete activation by further relieving the inhibitory interaction between the VCA domain and the amino terminus ( Figure 1b) . Furthermore, the close proximity of this profilin-bound actin subunit to the site of the Arp2/3-WASp interaction may contribute to the nucleation of actin polymerisation ( Figure 1c ).
The ability of profilin to enhance Cdc42-induced nucleation was higher in cell extracts than with pure proteins. But if profilin was added with monomeric actin in a ratio that maintained the initial free monomer concentration, it enhanced the rate of both Cdc42-and VCA-induced nucleation [29] . Profilin can thus contribute to the activation of actin assembly via a direct interaction with WASp proteins and, probably in concert with thymosin β4, by buffering the free actin monomer pool at concentrations that support and sustain rapid nucleation of new actin filaments. Additionally, and independent of poly-Lproline binding, profilin-actin may also participate in Arp2/3-complex-mediated nucleation by direct interaction with the complex.
Dendritic nucleation from the sides of existing filaments versus barbed-end branching
The nucleating activity of Arp2/3 complex is also enhanced by filamentous actin [19, 30] (Figure 1c) . The exact nature of the interaction between the filaments and Arp2/3 complex is unresolved, however. Results from different groups have led to the formulation of two different models for the binding of Arp2/3 complex to actin filaments and subsequent enhancement of Arp2/3 nucleation activity.
Pollard and co-workers [4, 9, 30, 31] propose that activated Arp2/3 complex binds to the sides of existing filaments. This association further enhances nucleation activity. The daughter branch is oriented at an angle of approximately 70° to the mother filament, and the Arp2/3 complex remains tightly bound at the pointed end of the branched filament (Figure 1d,e ). An alternative model, proposed by Carlier and colleagues [32] , is that the activated Arp2/3 complex preferentially nucleates branched filaments at the barbed end of existing filaments.
The direct visualisation of Arp2/3-nucleated filament networks, using fluorescence microscopy [31] , showed that branches emanated from the sides of filaments. No preference was found for branch formation at barbed ends, or at regions of the filaments proximal to barbed ends. Furthermore, branching from the sides of filaments was not inhibited by capping barbed ends with either capping protein or gelsolin (K. Amann and T. Pollard, personal communication). Similarly, nucleation by the Arp2/3 complex was enhanced to the same extent by either capped or uncapped actin-filament seeds during in vitro actin assembly assays (K. Amann and T. Pollard, personal communication). Taken together, these results show that the Arp2/3 complex can nucleate off filament sides, though they do not exclude the possibility that it also interacts with barbed ends.
If the Arp2/3 complex nucleates at existing barbed ends, one would expect that the two new filament ends, nucleated at the same instant, would elongate at the same rate. The ratio of the lengths of the mother/daughter filaments from the branch-point should thus be close to 1.0. Pantaloni et al. [32] have reported data in agreement with this prediction, based on measurements of branched filaments in electron micrographs. Conversely, if the Arp2/3 complex nucleates growth from the side of existing filaments, the expected mother/daughter filament length ratio would be lower than 1.0. Amann and Pollard have data in agreement with this prediction (personal communication). There has, however, been a lack of uniformity in the sources of protein, methods of purification, assay methods and solution conditions used by the various groups to elucidate the function of the Arp2/3 complex. This has made comparisons between studies difficult, and the differences between the two models remain unresolved.
Disassembly of the networks by debranching
Cells need to quickly dismantle the branched actin networks to allow continued propagation of protrusion and movement. New evidence provides insight into a possible mechanism for regulating network disassembly. In a recent issue of Current Biology, Blanchoin et al. [3] have reported that the Arp2/3 complex has a much lower affinity for the pointed ends of ADP-actin filaments than for those of ATP-actin filaments: the equilibrium dissociation constant K d is about 1 µM for ADP-filament ends, compared to about 40 nM for ATP-filament or ADP•P i -filament ends. These data follow previous work [31] in which Arp2/3-mediated filament branching was observed to occur only upon early addition of phalloidin Dispatch R893
Figure 1
The assembly and disassembly of branched actin filament networks. A model of how the WASp-stimulated Arp2/3 complex mediates nucleation of branched actin filament networks; some of the possible steps for network disassembly are also illustrated. (a) Free WASp is in an autoinhibited conformation which cannot interact with Arp2/3 complex. After signaling, prenylated-GTP-Cdc42 (pink) and PIP 2 (blue) in the membrane bind WASp via the amino-terminal GBD. (b) WASp is then partially unfolded and activated. The profilin-actin complex (green) then further activates WASp, via binding to the PRD. An ATP-actin subunit also binds to the V region of WASp. The actin subunits are depicted as U-shapes: the cleft of the U indicates the pointed end of the monomer, as seen in the atomic structure; each subunit is labeled T or D, indicating binding of ATP or ADP. (c) WASp is now in the active conformation and binds to, and activates, the Arp2/3 complex. The Arp2/3 complex also associates with actin filaments -the barbed ends of which are oriented towards the plasma membrane -which enhances its nucleation activity. (d) An actin filament nucleation event has now occurred: transfer of the ATP-actin subunits bound to profilin and the V region of WASp to the Arp2/3 complex, creating a new filament with a free barbed end. This new filament is oriented at an angle of ~70° to the existing one, with the Arp2/3 complex at the branch junction. (e) Both actin filaments rapidly elongate by the addition of ATP-actin subunits. Multiple nucleation events at the cell cortex lead to the formation of a dense branched filament network (only one Arp2/3-nucleated branch is shown). The elongation of branched actin filaments proximal to the membrane pushes the membrane forward. The activators of Arp2/3 -WASp, Cdc42 and PIP 2 -stay localised at the membrane and are able to participate in a new activation/nucleation event (not shown). As a result of this filament polymerisation-driven membrane protrusion, the Arp2/3 complex moves out of the 'activation zone'. (f,g) Disassembly of the branched filament network occurs via several mechanisms, dependent on constitutive hydrolysis of ATP to ADP within actin filaments and loss of activators of the Arp2/3 complex. ATP hydrolysis and the dissociation of P i results in a loss of affinity of Arp2/3 complex for the pointed ends of filaments, initiating debranching. ADF/cofilin (orange) also decorates ADP-actin filaments, lying at the interface between two subunits. ADF/cofilin severs filaments and promotes dissociation of ADP-actin subunits from the free pointed ends of older ADP-actin filaments. WASp is not depicted in these panels, in part for convenience and in part because it is no longer relevant to Arp2/3 complex at older branch points. or BeF 3 , which stabilise or mimic, respectively, the ADP•P i state of the filament.
Blanchoin et al. [3] found, using fluorescence microscopy, that the extent of filament branching decreased with time.
Addition of ADF/cofilin increased the rate of loss of filament branches, interpreted as a promotion of debranching [3] . The ADF/cofilins are a family of essential actin regulatory proteins that enhance the turnover of actin filaments by promoting filament fragmentation and the dissociation of subunits from pointed ends [33] . ADF/cofilin binds selectively and cooperatively to ADP-actin filaments and promotes the dissociation of P i [34] . This interaction would promote dissociation of the Arp2/3 complex and initiate debranching of the filament network, driven by hydrolysis of ATP to ADP as the filaments age. ADF/cofilin alters the filament conformation when it binds [35] , and this structural change may contribute to the dissociation of the Arp2/3 complex from the filament ends and/or sides. ADF/cofilin also binds directly to the Arp2/3 complex (albeit weakly; K d 12 µM [3] ). Whether this interaction affects the function of Arp2/3 complex remains to be determined.
One should note that tight capping of the pointed end has only been demonstrated with the Arp2/3 complex alone and not with the WASp-activated complex [3, 9] . Activation of the Arp2/3 complex promotes rapid nucleation of fast-growing barbed ends, which masks our ability to observe association of the Arp2/3 complex with the slower growing pointed ends in biochemical assays. Nevertheless, one might reasonably assume that the activated Arp2/3 complex binds pointed ends with high affinity. In this case, inactivation of Arp2/3 complex and loss of affinity for pointed ends following ATP hydrolysis might both be pertinent features in the disassembly of the branched networks. The activators of Arp2/3 nucleation -WASp, Cdc42 and PIP 2 -are targeted to the membrane [28] and may remain there after the Arp2/3-actin filament network moves away. The branched Arp2/3-actin filament network would eventually move out of the 'activation zone' as the membrane is pushed forward (Figure 1d,e) .
The function of Arp2/3 complex activation may be to provide, at sites activated by external stimuli, a localised burst of actin nucleation to generate branched filament networks. Subsequently, the network breaks down, as a result of the loss of activators of the Arp2/3 complex and the hydrolysis of ATP to ADP within the actin filaments, which promotes dissociation of the Arp2/3 complex from the pointed end of filaments at branches. Older filaments would depolymerise rapidly from pointed ends, because they contain ADP-actin and are bound by ADF/cofilin (Figure 1f,g ).
Future directions
The results from in vitro experiments now need to be tested for their relevance in vivo. The cell is hugely complex, so the proteins studied in vitro may function differently in vivo, and other proteins may play important roles. For example, VASP -a member of the Ena/VASP family of proteins which localises to the leading edge of motile cells -increased the rate of movement of Listeria during in vitro motility reconstitution assays [10] . But in cells, VASP overexpression and targeting to the membrane caused a decrease in cell motility and lamellipodial extension [36] . Conversely, depletion of VASP resulted in increased cell movement. Thus, VASP appears to act in vivo as a negative regulator of actin assembly and motility, the opposite of how it works in vitro.
Furthermore, in vivo evidence indicates that ADF/cofilin may have a direct and primary role in the generation of the barbed ends via filament severing, which leads to lamellipod extension in EGF-stimulated adenocarcinoma cells [37] . These results raise the point that different cell types may initiate actin assembly via different signaling pathways involving different downstream effectors, which may not be represented by our current in vitro assay systems. For example, in permeabilised neutrophils, signaling pathways leading to actin nucleation progress through Cdc42 but then diverge, with one pathway causing activation of N-WASp and Arp2/3, and a second pathway causing phosphoinositide-mediated uncapping of actin filament barbed ends [38] .
The field has made remarkable progress in understanding the biochemical mechanisms that regulate actin assembly via Arp2/3 complex and other actin-binding proteins. Major challenges for the future include defining more thoroughly the signal pathways that regulate these processes, and testing the implications of these in vitro models in vivo.
